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I. Introduction
Optical magnetometry is a highly sensitive method for measuring small variations in magnetic fields [1] [2] [3] . The development of a remote optical magnetometry system would have important applications for the detection of underwater and underground objects that perturb the local ambient magnetic field. In our remote atmospheric optical magnetometry model, a highintensity laser pulse is employed to drive the magnetic spin precession in the presence of the earth's magnetic field. Zeeman splitting of the molecular energy levels and consequently the precessional frequency are proportional to the local magnetic field. This can, in principle, provide a precise means to measure variations in the Earth's magnetic field. For a number of magnetic anomaly detection (MAD) applications, G  magnetic field variations must be detected at standoff distances of approximately one kilometer from the sensor [4] .
In this paper we consider atmospheric molecular oxygen as the paramagnetic species in a nonlinear remote optical magnetometry configuration depicted Fig. 1 . The propagation of the high-intensity pump laser pulse to remote (~ km) detection sites is considered. By employing the optical Kerr effect we show that high laser intensities ( 12 2 10 W/cm ) can be propagated to remote locations. Using a high-intensity polarized laser pulse we consider the polarization rotation of the wakefield behind the pump pulse. The pump intensity is limited (< 10 12 W/cm 2 ) to avoid photoionization processes.  is the perturbation caused by the underwater/underground object.
Molecular oxygen's paramagnetic response is due to two unpaired valance electrons.
The ground state of oxygen In the low laser intensity, long pulse, regime this transition has been investigated theoretically [5, 6] and experimentally [7] and is a prominent feature of air glow.
In this paper, a high intensity, polarized titanium-doped sapphire laser is considered for the pump laser. These lasers have an extremely large tuning range from 660 nm to 1180 nm, and can have linewidths that are transform limited. A major challenge for this, as well as any remote atmospheric optical magnetometry concept, is collisional dephasing (elastic collisions) of the transitions. The elastic molecular collision frequency, at standard temperature and pressure (STP), is , where  is the molecular cross section and th v is the thermal velocity [7] . On the other hand, the Larmor frequency (spin precession) in the Earth's magnetic field, 0.5G , where m and q are the electron mass and charge and c is the speed of light. Since the dephasing frequency is far greater than the Larmor frequency, the parameters are somewhat restrictive for remote atmospheric magnetometry. However, rotational magnetometry experiments based on molecular oxygen at STP and magnetic fields of ~ 10 G have shown measurable linear Faraday rotational effects [7] .
II. Atmospheric Propagation of Intense Laser Pulses (Focusing & Compression)
The magnetic anomaly detection concepts considered here rely on propagation of intense laser beams in the atmosphere. Atmospheric propagation of intense, short pulse lasers are strongly affected by various interrelated linear and nonlinear processes [8] . These include diffraction, Kerr focusing, group velocity dispersion, spectral broadening and self-phase modulation. Pulse compression can be achieved by introducing a frequency chirp on the pulse; however, for the problem under consideration, pulse compression is not significant. Nonlinear transverse focusing results from the Kerr effect. In general, a laser pulse propagating in air can be longitudinally and transversely focused at remote distances (> km) to reach high intensities (~10 12 W/cm 2 ), as indicated in Here we present the model describing longitudinal and transverse compression of a chirped laser pulses in air [8] . For optimally chosen parameters, the longitudinal and transverse focal distances can be made to coincide resulting in a rapid intensity increase near the focal region.
The laser electric field is given byˆ( , , ) (1/ 2) ( , , ) c.c. 
where the wavenumber is / kc   and the group velocity dispersion parameter is 
 
. Equation (1) can be solved by assuming the pulse is described by a form that depends on certain spatially-dependent parameters. With this assumption, a set of simplified coupled equations can be derived for the evolution of the spot size, pulse duration, amplitude and phase of the laser field. Taking the laser pulse to have a Gaussian shape in both the transverse and longitudinal directions, the complex amplitude can be written as 
is proportional to the laser pulse energy and is independent of  , In the limit that the pulse length does not change appreciably the laser spot size is given by 1/2 22 00 Here the quantization axis and the direction of the static magnetic field are taken to be along the direction of laser propagation, z -axis. Circularly polarized radiation carries angular momentum  which is directed along the propagation direction, hence the selection rule for allowed transitions is 1 m    , which will conserve angular momentum [10] . It should be noted that this transition is strictly magnetic dipole-and spin-forbidden, but spin-orbit coupling between the A high-intensity pump pulse generates a magnetization current density
where M is the magnetization field. The current density in turn generates a response electric field and can also modify the pump pulse. The response electric field E is given by (Gaussian
represented by a sum of RHP and LHP components 
In terms of the x and y components, ˆˆ
The density matrix equation is given by [10, 12, 13] / is the pump laser intensity and peak E is the peak field. Taking the normalizing electric dipole moment to be 
IV. Faraday Rotation of Wakefields Driven by Intense Laser Pulses
The incident pump field is taken to be polarized in the x-direction 
propagating a distance L, the ratio between the Faraday rotated and incident intensities is
In the present model the pump pulse consists of a pulse train, as shown in T is taken to be long compared to a damping time. With this ordering of timescales the individual pump pulses excite the density matrix elements 43  and 41  which generate a wakefield that decays behind the individual pump pulses (Fig. 5) . The magnetization currents generate a Faraday rotated wakefield behind each pump pulse. For remote magnetic anomaly detection small spatial differences in the magnetic field must be measured. Here we consider measuring the differences in wakefield intensities at two nearby locations. The locations are referred to as (1) and (2) 
It is worth noting that at sufficiently high intensities, the upper level, level 4 , can be populated resulting in a laser induced florescence signal to lower energy levels, i.e. levels 1 and 3 . This process is known as the Hanle effect and is briefly discussed in Appendix C. The magnetization current resulting from the induced florescence of an x polarized pump laser is [10] . Using polarization filters, the intensity on a detector due to the x and y components of the current density can be measured separately. Taking the ratio of the intensities from the x and y components of gives / ∝ cot (Ω ). Note that the ratio is independent of the collision rate as long as the individual intensities are greater than the inherent intensity fluctuations.
V. Discussion and Concluding Remarks
Remote magnetometry has important applications, such as detection of underwater and underground objects. Detection of the magnetic anomaly caused by such an object is important to Navy missions. In the laboratory, under controlled environment, conventional magnetometry techniques can be used to measure extremely small magnetic field perturbations (~G  ). Limitations on remote detection include collisional dephasing of magnetic fluctuations, air turbulence, etc.
The paramagnetic species considered here is the oxygen molecule which has the magnetic dipole transition (
) near 762 nm. We considered an intense pump laser to induce a polarization rotation of the wakefield. This transition is resonantly driven by a linearlypolarized pump laser pulse. Our examples suggest that the intensity of the rotated component of the wakefield can be measured. Numerous issues remain to be considered, these include signal-to-noise ratio limitations, magnetic field orientation, pump laser absorption in the atmosphere, detection of the wakefield signal, possibility of inducing 2 O lasing. respectively [14] .
The radiation from the b X,1  transition can be seen in air-glow, night-glow and aurorae [14] .
transition is magnetic dipole-and spin-forbidden and it is dominant over the b a  and b X, 0  transitions which are electric quadrupole transitions [11] . This can be explained by a large spin-orbit coupling between the 
Appendix C. Resonant Fluorescent Excitation (Hanle effect)
At sufficiently high intensities laser induced fluorescence, i.e. Hanle effect, can be considered. The Hanle effect refers to the depolarization of resonant fluorescence lines by an external magnetic field [1, 2, 10] . It provides a sensitive experimental technique for a number of measurements, including remote measurement of planetary magnetic fields [15] and spontaneous emission rates [10] , and spin depolarization rates [16] . It is also the basis of one of the most sensitive methods for measuring the lifetime of excited levels of atoms and molecules [17] . In the presence of a magnetic field the Zeeman sublevels of the ground state are split, resulting in a difference in the resonance frequencies for LHP and RHP light. The resulting phase difference between LHP and RHP light which is dependent on the ambient magnetic field, alters the polarization of fluorescing radiation.
To discuss this mechanism in more detail we consider a short intense laser pulse polarized in the x-direction pump ( )ˆ ( ) c ĉ .. The pump pulse is intense enough to excite level 4 at the expense of levels 1 and 3 .
The pump pulse duration is short compared to the collision time which in turn is short compared to a Larmor period. As the short duration, high-intensity polarized pump pulse sweeps by it leaves behind an excited state which fluoresces with polarization components different then that of the pump. The fluorescence from the excited state 44 to states 11 and 33 is described by the off-diagonal coherence of the molecular density matrix elements 
By using polarizer filters, the time average intensity on a detector due to the x and y components of the current density can be measured separately. Taking the ratio of the intensities from the x and y components of gives / ∝ cot (Ω ). The ratio is independent of the collision rate as long as the individual intensities are greater than the inherent intensity fluctuations.
